The N-terminal P1 protein of tumip mosaic potyvirus (TuMV) polyprotein was overexpressed in Escherichia coli, purified by metal chelation chromatography under denaturing conditions and renatured. U.v. cross-linking experiments indicated that the recombinant protein interacted with RNA, and gel retardation electrophoresis demonstrated that more than one molecule of P1 bound one molecule of RNA. Formation of the protein-RNA complexes was dependent on the conformational state of P1 and was stable at relatively high concentrations of NaCI. P1 had the ability to bind ssRNA and ssDNA, with similar affinity, but was not able to bind to dsDNA. The TuMV protein had the additional characteristic of binding dsRNA with affinity similar to that observed with single-stranded nucleic acids.
Introduction
Potyviruses have a positive-sense RNA genome of approximately 9-5 kb. The RNA encodes a large polyprotein that is processed into at least nine mature polypeptides by virus-coded proteinases (Dougherty & Carrington, 1988 ; Riechmann et al., 1992) . Functions or putative roles have been assigned to most of these mature proteins although additional activities may be associated with polyprotein intermediates. The proteinases involved in the processing of the polyprotein are the N-terminal protein (P1) (Verchot et al., 1991) , the helper component/proteinase HC-Pro (Carrington & Herndon, 1992 ) and the nuclear inclusion protein, NIa, of tobacco etch virus (Carrington & Dougherty, 1987) and tobacco vein mottling virus (TVMV) (Hellmann et al., 1988) or the homologous 49K protein of plum pox virus (Garcia et al., 1989) and turnip mosaic virus (TuMV) (Lalibert6 et al., 1992) . The proteolytic activity has been shown to reside within the C-terminal half of the NIa protein (Dougherty & Parks, 1991) whereas the N-terminal domain represents the genome-linked protein (VPg) which becomes covalently linked to the 5' end of the genomic RNA (Murphy et al., 1990) . Other viral proteins with known functions are the cytoplasmic inclusion protein which displays an RNA-dependent ATPase and RNA unwinding activities characteristic of RNA helicases (Lain et al., 1990 (Lain et al., , 1991 . The nuclear inclusion protein, NIb, of TVMV (and the corresponding potyviral proteins), because of its homology to RNA-dependent RNA polymerases from other positive-strand RNA viruses (Domier et al., 1987) , is thought to be the core replicase. Finally, the coat protein (CP) is the major structural viral protein (Shukla & Ward, 1989) and is involved in aphid transmission (Atreya et al., 1990 ) along with HC-Pro (Thornbury et at., 1985) . On the other hand, the P3 protein has yet no known function but has been detected in TVMV-infected plants (RodriguezCerezo & Shaw, 1991) .
In addition to its proteolytic activity, the P1 protein of TVMV has recently been shown to interact with nucleic acids (Brantley & Hunt, 1993) . The TVMV protein bound ssRNA in preference to DNA or dsRNA and showed a possible affinity for sequences containing oligo(G) tracts. P1 of TuMV has an M r of 40100 and an isoelectric point of 10.3, predicted from the protein sequence deduced from the RNA sequence (Nicolas & Lalibert6, 1992) . The protein is characterized by the presence of basic amino acids making up 20 % of all residues with a net positive charge of 38, which suggests that this protein may also interact with nucleic acids. However, the TuMV protein is larger than that of TVMV (M r 29K) and the two polypeptides do not share any significant sequence homology. To determine whether nucleic acid binding is a general property of potyviral P1 proteins, we expressed the TuMV protein in Escherichia coli and showed by gel retardation electrophoresis and filter binding competition experiments that P1 bound specifically to these types of molecule. Fig. 1 . Schematic representation of the P1 cDNA recombinant molecule used in this study. The TuMV genome is depicted at the top of the figure and the individual coding regions are indicated by boxes. The PCR-generated fragment encoding P1 was inserted into pET-21d to create pET-P 1. The amino acids (single letter code) represent the last 12 residues of the recombinant P1 : the bold letters represent amino acids encoded by the viral genome whereas the plain letters represent residues that are plasmid-derived. Abbreviations (not already defined): Hel, helicase; 6K, 6K protein; VPg-Pro, VPg-and NIa-like proteinase; Pol, putative RNA-dependent RNA polymerase.
5'-ACAAGCAAGCACCATGGCAGCAGTC-3' containing an NcoI restriction site and the antisense primer 5'-TACGATCTCGAG-ACTCATTGT-3' with a XhoI restriction site. PCR conditions were as described (Nicolas & Lalibert6, 1991) . The PCR-amplified NcoI-, Xholrestricted fragment of the P1 gene was cloned into appropriately digested pET-21d (Novagen). Using this plasmid, six histidine residues were fused at the C-terminal end of the recombinant protein enabling its purification by metal chelation affinity chromatography. The recombinant plasmid pET-P1 was used to transform E. coli strain BL21(DE3) (Studier & Moffat, 1986) .
Expression and purification of P1. LB medium (250ml) with 100 lag/ml ampicillin was inoculated with 2.5 ml of an overnight BL21 (DE3) bacterial suspension containing pET-P1. The bacteria were incubated at 37 °C, while shaking at 220 r.p.m., until an O.D.~00 of 0-8 to 0.9 was reached. The expression of the P1 protein was then induced for 5 h by addition of 1.5 mM-IPTG. The bacterial suspension was centrifuged at 9000 g for 10 rain and the pellet was resuspended in 20 ml of buffer A (500 mM-NaC1, 160 mM-TribHC1 pH 8.0) and lysozyme was added to a final concentration of 2 mg/ml. The suspension was then incubated at room temperature for 20 rain and the cells were further lysed by several cycles of freezing and thawing and ultrasonic treatment. The lysate was centrifuged for 20 min at 15 000 g at 4 °C and the pellet (containing mainly inclusion bodies) was resuspended in 20 ml of buffer A containing 6.0 M-guanidine-HCl, 5.0 mM-2-mercaptoethanol and 0.1% Tween-20, and incubated for 30 min at room temperature (with vortexing from time to time). Solubilized proteins were recovered by ultracentrifugation (150000g for 40 rain at 4 °C) and incubated with 2.5 ml of Ni-NTA Agarose (Qiagen). The resin was washed with buffer A with guanidine and bound proteins were eluted using the same buffer but containing 250 mM-imidazole. The purified proteins were extensively dialysed for 24 h at 4 °C against 20 mM-NaC1, 10 mM-Tris-HC1 pH 8.0. Protein concentration was estimated with the Bradford reagent (Bio-Rad) using BSA as a standard.
Preparation of nucleic acids, pET-P1, linearized by NdeI, was used to produce a 387 nt labelled RNA probe using the T7 RNA polymerase in vitro transcription reaction (Stern & Gruissem, 1987) : for labelling, [7-32P] UTP was included in the transcription reaction at a final concentration of 50 lack The in vitro transcription reactions yielded RNA probes with a specific activity of 106 c.p.m./gg. An unlabelled RNA of 1400 nt was synthesized for the competition assays by in vitro transcription of a XhoI-linearized pUC9900 plasmid which contains a complete cDNA copy of the TuMV genome (O. Nicolas and J.-F. Lalibert6, unpublished result), using the same conditions described for the labelled probe. Double-stranded RNA was isolated from purified infectious pancreatic necrotic viruses (IPNV) as described (Heppel et aL, 1992) and treated with RNase A. Single-stranded M13mpl8 and tRNA were commercial preparations.
Gel retardation electrophoresis, RNA protein u.v. cross-linking and filter binding experiments. For gel retardation experiments, different quantities of purified P1 were incubated for 45 min at 4 °C in 20 ~tl of buffer B (100 mM-NaC1, 1 mM-EDTA, 10 mM-Tris-HC1 pH 8.0) with 10 ng of the labelled RNA probe. After incubation, the reaction mixtures were loaded into a 5% native polyacrylamide gel and electrophoresed as described by Citovsky et al. (1989) . After electrophoresis, the bands were detected by autoradiography of the gels exposed to X-Omat films (Kodak).
The u.v. cross-linking experiments were essentially as described by Citovsky et al. (1990) with the exceptions that a GS Gene Linker UV chamber (Bio-Rad) was used and the RNA-protein complexes were electrophoresed into a 10% SDS polyacrylamide gel.
The filter binding experiments were as previously described (Yang & Hunt, 1992) . Reaction mixtures were made in a total volume of 10 lal of buffer C (1 mN-EDTA, 10 mM-Tris-HC1 pH 8.0) containing variable amounts ofNaC1, 1 lag of soluble P1 and 10 ng of labelled RNA probe. The samples were incubated at 4 °C for 30 min. After incubation, they were diluted in 1.0 ml of the same buffer and applied on a GF/C filter disc (Whatman) wetted with 2.5 ml of buffer C. The filters were washed with 10 ml buffer C and the radioactivity counted. The nucleic acid competition experiments were performed as described above except that samples were prepared in a total volume of 10 lal of buffer B, indicated amounts of unlabelled competitor, 1 lag of P1 and 10 ng of labelled RNA probe. Filter binding was also measured in the absence of P1, as a control.
Results

Expression and purification
N u c l e o t i d e s 130 to 1215 e n c o d i n g P1 w e r e reverse t r a n s c r i b e d a n d amplified b y P C R as described in M e t h o d s . T h e amplified f r a g m e n t was digested w i t h N c o I a n d X h o I a n d then ligated w i t h a p p r o p r i a t e l y digested p E T -2 1 d . T h e r e c o m b i n a n t p l a s m i d p E T -P I (Fig. 1) 
was i n t r o d u c e d into E. coli strain B L 2 1 ( D E 3 ) for e x p r e s s i o n o f the e n c o d e d protein. S D S -P A G E s h o w s
that r e c o m b i n a n t P1 m i g r a t e d to its p r e d i c t e d M r a n d was synthesized at v e r y high levels in E. coli (Fig. 2, lane  2) . T o t a l p r o t e i n s f r o m b a c t e r i a h a r b o u r i n g p E T -2 l d s h o w e d that n o p o l y p e p t i d e o f a n e q u i v a l e n t size was p r o d u c e d (lane 1). T h e r e c o m b i n a n t p r o t e i n was f o u n d exclusively in inclusion bodies a n d r e q u i r e d solubilization in 6.0 M -g u a n i d i u m c h l o r i d e b e f o r e m e t a l c h e l a t i o n c h r o m a t o g r a p h y using N i -N T A A g a r o s e : r e c o m b i n a n t P 1 was t a g g e d w i t h six histidine residues at its C -t e r m i n a l end w h i c h c o n t r i b u t e d to its purification. R e f o l d i n g was p e r f o r m e d by dialysis a g a i n s t 2 0 m M -N a C 1 , 1 0 m M -T r i s -H C 1 p H 8"0 a n d 10 m g o f purified, soluble P1 was o b t a i n e d f r o m 100 m l o f bacterial s u s p e n s i o n (lane 3). 
RNA-binding properties
Interaction of P1 with nucleic acids was assayed by electrophoretic gel retardation in polyacrylamide gels. Fig. 3(a) illustrates the binding of P1 to a a2p-labelled synthetic RNA representing nt 130 to 512 of the TuMV genome. At low protein concentrations (up to 100 ng) (lanes 2 to 5), the radioactive probe migrated to the same distance as the protein-free RNA (lane 1) but when 200 ng or more of P1 was added (lanes 6 to 10), the probe barely entered the gel matrix, indicating that RNA formed a complex with purified P1. Similar results were obtained with other TuMV-derived RNA sequences (results not shown). As suggested by Citovsky et al. (1990 Citovsky et al. ( , 1991 for this type of profile, the absence of intermediates between the free and the retarded RNA suggests that more than one molecule of P1 bound one molecule of RNA and that the binding of P1 to RNA was cooperative.
To determine whether the observed binding was not the result of non-specific interaction between P1 and the RNA probe, BSA was used instead of the recombinant protein in the gel retardation experiment (Fig. 3 b) . No interaction was observed with 400 ng (lane 2) and 1 gg (lane 4) of BSA whereas binding was observed with P1 for the same concentrations (lanes 3 and 5), indicating that RNA binding was specific for the TuMV protein and was not an artefact of the experimental conditions. In addition, the recombinant protein had six histidine residues at its C terminus and this stretch of positively charged amino acids might interact with the negatively charged nucleic acids and consequently be responsible for the observed binding. This electrostatic interaction should not depend on whether the protein is properly folded or not. Denaturation was achieved either by incubation at 65 °C for 10 min (lane 6) or with 4.0 M -1 urea (lane 7) before addition of the R N A probe. No binding was observed under these conditions, indicating that proper conformation of the protein is required for its interaction with the RNA probe. Furthermore, another purified protein, the TuMV VPg-Pro which also has six histidine residues at its C-terminus (R. M6nard et al., unpublished) did not bind this RNA probe (data not shown). The above experiments suggested that the histidine tag did not affect the RNA-binding properties of P1.
Finally, u.v. cross-linking between P1 and the RNA probe was performed to ascertain that the observed retardation was due to P 1 binding rather than binding by an E. coli protein present in trace amounts in the purified preparation (Fig. 4) . The autoradiogram shows that, in the purified P1 preparation, 32P-labelled RNA was covalently linked to a 40K protein and that increasing amounts of P 1 did not reveal any additional components capable of interacting with RNA (lanes 1, 3 and 5). A protein species from E. coli not expressing P1 also bound RNA but a 40K protein was not responsible for this phenomenon (lanes 2, 4 and 6), suggesting that P1 is solely responsible for RNA binding in purified preparations.
Specificity of binding
P1 is a highly charged protein and it is possible that its association with R N A is due solely to electrostatic interactions. If this were the case, relatively low concentrations of salt would be needed to dissociate the protein-RNA complexes. Complex stability was measured using a filter binding assay in a wide range of NaC1 concentrations, ranging from 0 to 600 mM (Fig. 5) . Maximal binding of the protein to RNA was observed in the absence of salt but binding remained relatively high up to 125 mM-NaC1 and 50% of maximal binding was measured at approximately 400 mM-NaC1. A similar profile was observed with KC1 (data not shown). The stability of the protein-nucleic acid complex at high salt concentrations indicates that the interaction between the positively charged P1 and the negatively charged RNA is not due exclusively to electrostatic interactions. The conformational state of P 1 for binding nucleic acids (Fig.  3 b) further supports this conclusion.
Binding of P1 to the RNA probe was conducted in the presence of competitor molecules to assess the nucleic acid specificity of P1 (Fig. 6) . Competition of the show that P1 bound RNA, whether single-or doublestranded, and it bound ssDNA but not dsDNA.
Discussion
P1 from TuMV was overexpressed in E. coli, purified by metal chelation under denaturating conditions and refolded by dialysis against a low ionic strength buffer. Gel retardation experiments showed that P1 associates with RNA and that more than one molecule of P1 bound one molecule of RNA owing to the large difference in electrophoretic mobility between free and protein-bound radioactive probe. The nucleic acid-protein complexes were shown to be stable at high salt concentrations and dependent on the conformational state of the protein, indicating that forces other than electrostatic ones were involved in the association. Finally, P 1 had the ability to bind ss-and dsRNA, but tRNA had a higher binding affinity which suggests that secondary structure is a factor in the association between the nucleic acid and P1. On the other hand, ssDNA, and not dsDNA, interacted with P1.
P1 of TVMV, another potyvirus, has recently been shown to bind nucleic acids (Brantley & Hunt, 1993) . The two potyviral proteins do not share any significant sequence homology and a major difference between the two is their size; the TVMV protein has an M r of 29 000 (Rodriguez-Cerezo & Shaw, 1991) whereas the TuMV M r is predicted to be 40100. Computer searches for small regions of homology between the two proteins were not conclusive, suggesting that the protein domain interacting with nucleic acids differs substantially, at least at the primary sequence level. The nucleic acidbinding properties of the TVMV protein is slightly different from that of TuMV. First, maximum nucleic acid binding for the TVMV protein was observed at a protein: RNA ratio of 5 whereas the corresponding ratio for the TuMV protein is about 130. This very large difference may reflect intrinsic properties of the two proteins but may also result from the ratio of active to non-active recombinant protein in the purified preparations. In addition, binding was measured by two different assays and the results may not be quantitatively comparable. Another property not shared by the two potyviral proteins is the dependence of binding on salt concentration. Binding of the TVMV protein to RNA showed two major peaks of interaction, one at 10 mM and the other at 225 mM-NaC1, whereas, for TuMV, maximum binding was observed over a concentration range of 0 to 125 mM. Again, this discrepancy can be explained by the intrinsic nature of the two proteins. Finally, nucleic acid specificity is different: TVMV P1 has a higher affinity for TVMV-derived ssRNA than for M13 ssDNA whereas the TuMV protein bound with similar affinity to both TuMV-derived ssRNA and M13 ssDNA. Furthermore, although both proteins do not interact with dsDNA, P1 from TuMV bound dsRNA with a similar affinity as for ssRNA, which was not the case for the TVMV protein. Brantley & Hunt (1993) speculated that the differential affinity of TVMV P1 for ssRNA and dsRNA may reflect a role in unfolding of the viral RNA by perturbing the equilibrium between singleand double-stranded regions, thus facilitating replication. This proposed role would apparently not be applicable for the TuMV protein.
Arginine residues have been shown to mediate RNA recognition (Calnan et al., 1991) and synthetic peptides rich in arginine residues derived from viral proteins can bind RNA (Lazinski et al., 1989; Poisson et al., 1993; Weeks et al., 1990) . Interestingly, the TuMV protein has a very basic domain, RSSRAMKQKRARERRRAQQ, spanning residues 150 to 168 which has the potential of interacting with nucleic acids; basic residues (K, R) could form ionic bonds with negatively charged phosphate groups whereas amide (Q), acid (E) or hydroxylated (S) amino acids could interact via hydrogen bonds with nucleic acid bases. However the involvement of this basic sequence of the TuMV P1 in nucleic acid binding remains to be confirmed.
The biological role of RNA binding by P1 is unknown but its nucleic acid binding properties are similar to those described for certain plant viral proteins (Citovsky et al., 1990 (Citovsky et al., , 1991 Giesman-Cookmeyer & Lommel, 1993; Osman et al., 1992 Osman et al., , 1993 Schoumacher et al., 1992) . Availability of large quantities of purified protein will allow three-dimensional structural studies to evaluate how such a protein interacts with nucleic acids. In addition, immunoelectron microscopy will determine the cellular localization of P1 and micro-injection experiments will also be carried out to determine whether P1 can alter the exclusion limit of plasmodesmata, supporting its proposed role in virus movement.
